We present millimeter and centimeter-wave spectroscopic observations of the southern massive star formation region NGC 6334. The cloud has been mapped in several transitions of CO, 13 CO, CS, and NH 3 . The molecular gas shows a complex structure of laments, in which the massive star formation occurs, and bubbles, some of which contain photodissociated gas. There is an anticorrelation between the presence of dense gas and the 6 cm radio ux: the hottest stars, with the hardest FUV radiation, have dispersed the dense gas from which they formed, whereas the cooler stars have not yet been able to do so. There is a velocity gradient along the star-forming ridge such that the radial velocity peaks in the center of the ridge. Several blueshifted emission features were discovered, one of which was identi ed with the`3-kpc' arm of the Galaxy.
Introduction
In order to understand the e ects of massive star formation on the interstellar environment, it is necessary to examine the gas around sites of recent massive star formation in all its phases: ionized, neutral, and molecular. Because their radiation elds and thus their e ects on the surrounding gas will di er, several massive young stars with a range of mass and ultraviolet (UV) eld strengths should be examined. Ideally, the stars should be in the same parent cloud to avoid the problems of cloud-to-cloud variations, such as distance, elemental abundances, cloud age, and global magnetic elds. Within the cloud, the sites of massive star formation should be well-separated so that the e ects of each star can be distinguished. Finally, the cloud should be reasonably nearby so that the smallest spatial scales may be probed. The star forming molecular cloud which ts all of these criteria for this study is NGC 6334.
NGC 6334 is a giant molecular cloud complex/star formation region in the southern hemisphere. At a distance of 1.7 kpc (Neckel 1978 ; 1 pc 2 0 ), NGC 6334 lies approximately 10 from the Galactic center, within the plane of the Galaxy. A wide variety of phenomena generally associated with star formation have been observed in NGC 6334. There are radio (Schraml & Mezger 1969; Rodr guez, Cant o, & Moran 1982; Rengarajan & Ho 1996; , far-infrared (e.g. McBreen et al. 1979; Loughran et al. 1986 ), mid-infrared (e.g. Harvey & Gatley 1983; Kraemer et al. 1999) , and near-infrared (e.g. Becklin & Neugebauer 1974; Straw, Hyland, & McGregor 1989; Straw & Hyland 1989a) continuum sources. Molecular phenomena include CO hot spots (Dickel, Dickel, & Wilson 1977; Phillips, de Vries, & de Graauw 1986) , molecular out ows (Fischer et al. 1985; Bachiller & Cernicharo 1990; Phillips & Mampaso 1991; McCutcheon 1992; Kraemer et al. 1997) , and OH (Raimond & Eliasson 1969; Gaume & Mutel 1987; Forster & Caswell 1989) , H 2 O (Gardner, McGee, & Robinson 1967; Forster & Caswell 1989; The cloud contains several distinct sites 1 where massive stars have formed or are currently forming. Thus, the cloud chemistry, dynamics, and kinematics are strongly in uenced by the UV elds, out ows, and stellar winds of the massive young stars within it. The young stars vary in age, mass, and UV eld, so each will have a unique e ect on its environment. Because the sites are well-separated from one another (nearest neighbor distance: r = 152 00 = 1:25 pc), the e ects of each massive young star can be isolated. Because the stars are in the same parent cloud, global e ects are likely to be the same for each star. Thus, in NGC 6334, only local e ects, such as the mass and UV eld of the young star, its age, and local magnetic elds, will contribute to the di erences in the gas properties at each site.
We have undertaken a large project to determine how the UV elds of newly formed massive stars a ect the surrounding photodissocation regions and molecular gas. To that end, we are examining the interstellar medium in NGC 6334 in all its phases: ionic, atomic, molecular, and dust. In a previous paper (Kraemer, Jackson, & Lane 1998) , it was found that current theoretical models of photodissociation regions (PDRs) could not explain the low O I] 63 m intensity relative to the C II] 158 m and O I] 145 m intensities found at several positions in the cloud. This suggested that the O I] 63 m line is not a reliable 1 We use the source designations of Rodr guez et al. (1982) for the radio continuum sources NGC 6334:RCM A, C, D, E, and F, the notation of McBreen et al. (1979) for FIR continuum source NGC 6334:MFSW V, and that of Gezari (1982) for the millimeter continuum source NGC 6334:MFSW I(N). For succinctness, these are abbreviated as source A, source I(N), etc. For further discussion of the various nomenclatures used for the sources in NGC 6334, see the Appendix here or those of Kraemer et al. 1999 and Kuiper et al. 1995. { 6 { technique. At the CSO, small grids (9 13 and 13 19 points for the 1.0 and 0.8 mm data, respectively) were mosaicked together to form the larger maps. A single (64 64) on-the-y map was made of CS J = 3 ! 2 at Kitt Peak. Figure 1 shows the spatial coverage for each of the observed CO and CS transitions.
The CSO data were processed with the CLASS and GreG packages. Spectra were inspected individually, and linear or parabolic baselines were removed, as appropriate. Intensity calibration followed the chopper-wheel method in which the signal from a load at ambient temperature is compared to that from blank sky (the o position) (Ulich & Haas, 1976) . Intensities are reported on the T mb scale: T mb = T A = mb (Table 1) . A xed o position was observed for all but the CO J = 1 ! 0 observations: ; = 17 h 15 m 00 s ; ?35 00 0 00 00 . 4 The CO J = 1 ! 0 data were observed by chopping 1 in azimuth for the o position. 5 The CS J = 3 ! 2 data from the NRAO 12 m were processed with the AIPS package. For these data, linear baselines were removed. Intensities are estimated to be accurate to 30%.
The NH 3 (3,3) data were edited and calibrated following the standard procedure within the AIPS package. If a su ciently strong continuum source was present (sources A, E, and F), the continuum data, from the`channel 0' (the central 75% of the passband), { 7 { were self-calibrated prior to CLEANing. The continuum self-calibration solutions were then applied to the u; v line data. These data were used to produce a naturally-weighted image cube, with a 30 k taper. If no continuum source was present, the data were only CLEANed. Emission-free channels were averaged together and subtracted from the line+continuum data to produce a data cube which contained only line emission.
Global Distribution of the Molecular Gas
The young OB stars in NGC 6334 lie along a 20 0 3 0 (10 1:5 pc) ridge of molecular gas that extends northeast to southwest. While high quality images of the molecular gas emission have been made toward a few of the massive star forming sites (e.g. NGC 6334F: Bachiller & Cernicharo 1990; NGC 6334V: Phillips & Mampaso 1991) , there are no published, fully sampled, high resolution maps of the molecular gas over the entire star forming ridge. The CO J = 1 ! 0 maps of Dickel et al. (1977) and HCO + J = 1 ! 0 map of Batchelor, Robinson, & McCulloch (1984) , while yielding important information regarding the kinematic structure of the cloud, lack the resolution to reveal spatial details of the molecular gas in the ridge. Here we present the rst large-scale ( 30 0 10 0 ), Nyquist-sampled, high resolution (26 00 ), 12 CO J = 2 ! 1 map of NGC 6334 (Fig. 2) . The 12 CO J = 2 ! 1 emission extends to the edge of the mapped region and probably beyond.
The sites of massive star formation, though, are associated with the peaks in the main ridge of molecular gas.
Filaments and Bubbles
The integrated intensity map of the 12 CO J = 2 ! 1 emission is shown in Figure 2 . The four J = 1 ! 0 emission peaks found in the sparse 12 CO and 13 CO maps of Dickel et { 8 { al. (1977) have been resolved into a complex structure of bright laments which surround minima,`bubbles,' in the molecular emission. The high mass stars form in the laments, whereas the bubbles are devoid of such activity. The distribution of the 13 CO J = 2 ! 1 (Fig. 3) and 12 CO J = 3 ! 2 (Fig. 4) emission is similar to that of the 12 CO J = 2 ! 1.
Filamentary structure is seen in many star forming molecular clouds, for example, the Orion A molecular cloud (e.g. Bally et al. 1987) , Oph (Loren 1989a (Loren , 1989b , and the Taurus molecular cloud (Hirahara et al. 1992) . In each of these clouds, the star formation occurs only in the laments, as it does in NGC 6334.
Molecular vs. Photodissociated Gas Distribution
The CO in NGC 6334 is strongly anticorrelated with the red H emission (Fig. 5; Kraemer 1998; Meaburn & White 1982) . For example, the lament extending to the northwest of source A corresponds to a dark lane in the optical image, while the CO minimum between sources A and V corresponds to a bright region of H emission. This suggests that the bubbles in the CO emission contain ionized or atomic gas, photodissociated by the UV radiation of the young OB stars in the region. On the other hand, the optical-molecular emission anticorrelation could be merely an extinction e ect. The map of visual extinction (Straw & Hyland 1989a) indicates that the optical emission is detected only where the extinction is low. Optical emission from the CO emitting regions could merely be too extincted to be detectable. FIR observations of C II] 158 m emission, on the other hand, do not su er from extinction e ects. Comparison of the CO emission with the C II] 158 m emission (Kraemer et al. 1994 , Kraemer 1998 Kraemer et al. in prep.) also shows an anticorrelation. The spatial coincidence of C II] emission peaks with CO holes indicates that at least some of the bubbles in the CO emission contain photodissociated gas. 
Stripes
In addition to the laments and bubbles, there are stripes of emission perpendicular to the main ridge of star formation. These stripes are especially evident in the northern part of the cloud in the CO J = 2 ! 1 map (Fig. 6 left) . To enhance the appearance of the stripes, a form of unsharp masking was used. The 12 CO map was convolved to a 100 00 Gaussian beam to create an`unsharp' image, scaled such that the peak intensity was the same as in the original image, and then subtracted from the original map. The resultant image better shows the ne scale structure (Fig. 6 right) and the stripes are much more prominent. The stripes cross individual OTF map boundaries in both space (a stripe continues from one submap to its neighbor) and time (neighboring submaps may have been observed up to 4 days apart). The scan direction of the OTF maps was west to east, whereas the stripes are at a position angle of P.A. 45 . Thus, the stripes are not due to an instrumental e ect, nor are they an observational artifact.
Possible explanations for the stripes include shadowing such as in the Eagle nebula (e.g. Hester et al. 1996; Pound 1998) or streamers such as in the Helix nebula (e.g. O'Dell & Handron 1996) . Large-scale striping in NGC 6334 is also seen in maps of the 3.3 m emission feature (an unidenti ed feature, probably from polycyclic aromatic hydrocarbons or PAHs) which traces photodissociated gas (I. Gatley & M. Merrill, priv. comm.) . The stripes in the 3.3 m emission seem to be converging to a single point, as do those in the Helix nebula (O'Dell & Handron 1996) . While the CO stripes are not obviously converging, there is considerable H emission to the northwest of the molecular ridge (Fig. 5) . The source(s) ionizing the gas in the northwest could also be responsible for the striping. Although the exact origin of these stripes remains puzzling, projection e ects (i.e. shadows or streamers) from the inherently 3-dimensional geometry of the cloud are also likely to play an important role in their explanation. { 10 { 3.4. Distribution of the Dense Gas Unlike CO, which requires only modest densities (n crit 10 2?3 cm ?3 ) for collisions to dominate the excitation, CS needs 100-1000 times denser gas to populate the J = 3, 5, and 7 levels. Thus, the CS J = 3 ! 2, J = 5 ! 4, and J = 7 ! 6 transitions trace denser gas than the CO lines. With one exception (source I(N), see x6.1), there is good correspondence between the positions of the emission peaks among the three transitions, which is typical of CS cores in massive star forming regions (e.g. Juvela 1996) . The CS J = 3 ! 2 emission (Fig. 7) , which requires the lowest densities of the three CS lines observed, also has an extended morphology, similar to that of the CO emission (Fig. 2) . The CS J = 5 ! 4 and J = 7 ! 6 emission, on the other hand, occurs only near the radio and FIR continuum sources ( Fig. 8 and 9 ). That is, the densest gas is excited only at sites of recent or current star formation activity, not in the ambient cloud.
Although the CS J = 7 ! 6 emission appears near the star formation sites, its integrated intensity is approximately anticorrelated with the 6 cm radio ux (Fig. 10) , and with the size of the H II region. The CS J = 7 ! 6 emission near NGC 6334 C, D, and E, which have the largest, brightest H II regions (d 0:2 ? 0:3 pc, S 6 cm 10 ? 20 Jy; Rodr guez et al. 1982) , is quite faint. (Sources C, D, and E have the earliest spectral types among the radio sources in NGC 6334: O6.5-O8 (Rodr guez et al. 1982) .) On the other hand, the CS J = 7 ! 6 emission near the smaller, dimmer H II regions, NGC 6334 A, F, I(N), and V, is much brighter. Similarly, NH 3 (3,3) emission, which also traces warm, dense gas, was detected only at sources A, F, I(N), and V, but not at C, D, or E.
The di erences between the size of the CS J = 7 ! 6 beam ( = 17 00 ) and the radio emitting regions (3 ? 40 00 , Rodr guez et al. 1982 ) cannot a ect this anticorrelation. For the largest H II regions (C and D), the faint CS J = 7 ! 6 emission present is su ciently o set from the H II region that integrating over the entire H II region will not signi cantly add { 11 { to the CS ux. Similarly, for the smallest sources (F and V), the core of CS J = 7 ! 6 emission is unresolved, and may be su ering from beam-dilution.
We surmise that the dense molecular gas which once surrounded these earliest type stars has been destroyed or dispersed. There are at least two possible mechanisms which may be responsible for the lack of dense gas emission around the most massive young stars in the cloud: (1) the hard UV radiation or (2) the stellar wind, or possibly both. In the rst case, the UV eld from the star simply dissociates the CS molecules until shielding by dust grains enable the CS to survive. CS has a ground-state dissociation energy of 7.4 eV (Duley & Williams 1984) , and O stars radiate roughly 45 ? 50% of their radiation between 6 and 13.6 eV. Thus, there should be an ample number of photons capable of dissociating CS. The presence of photodissociated gas at these sources (Kraemer et al. 1994; Kraemer 1998; Kraemer et al. in prep.) shows that photodissociation is, indeed occurring. Alternatively, the stellar wind may have`swept away' the gas from around the star. In either case, only clumps of dense gas which are su ciently far from the star will survive. The clumps must still be close enough to the star to be heated su ciently to radiate detectable CS J = 7 ! 6 emission (E u =k = 66 K). Indeed, the CS emission near NGC 6334 C, D, and E is spatially o set from the radio continuum sources. This suggests there is a ne balance between the survivability of CS and the density and heating requirements for its excitation.
The anticorrelation between the sizes of the H II regions and the CS J = 7 ! 6 emission may allow estimation of the relative ages of the OB stars in NGC 6334. For example, source E has less dense molecular gas emission around it than source A, despite the fact that the two have the same spectral type, O7.5 (Rodr guez et al. 1982 ). This suggests that source E may be older than source A, and has had more time to sweep away its dense molecular gas (via winds or out ows) or to photodissociate it (alternatively, source E may have formend in a more di use part of the cloud: see x6.5). The two FIR continuum sources with little or no detected radio continuum emission (i.e. no signi cant { 12 { H II region), sources V and I(N), have very bright CS J = 7 ! 6 emission. The relatively cold temperatures, as compared to the other sources in NGC 6334, (I(N): T gas 30 ? 40 K, x4.2, Kuiper et al. 1995; T dust 19 K, Gezari 1982 ; V: T gas 55 K, x4.2; T dust 30 K, Gezari 1982) indicate that these dense cloud cores have not yet formed high mass stars.
Physical Conditions

Excitation Models
Single-component model calculations of non-LTE excitation were performed to determine the physical conditions of the emitting gas which surrounds the massive young stars in NGC 6334. The model was originally developed for NH 3 excitation (Stutzki & Winnewisser 1985) and adapted for CO and CS . It assumes that the emission originates in unresolved, homogeneous, spherical clumps, with no interclump medium. A photon escape probability function was included to account for the radiative excitation of optically thick lines (see Stutzki & Winnewisser 1985 , and references therein).
The model includes emission from the lowest 11 (12) levels of CO (CS) and varies the kinetic temperature, CO (CS) column density per velocity interval, H 2 volume density, and beam lling factor. The CO collision rates are from Flower & Launay (1985) and the CS collision rates are from Green & Chapman (1978) . The beam lling factor, that is, the fraction of the beam area covered by emission ( = T mb =T intrinsic ), is the same for each transition. Since there is no measured value toward NGC 6334, the fractional abundance ratio for Orion 12 CO= 13 CO = 60 (Langer & Penzias 1993) and the terrestrial 32 S= 34 S abundance ratio of 23 (Anders & Grevesse 1989) were adopted.
For a given kinetic temperature, column density per velocity interval, volume density, and beam lling factor, the model produces the expected brightness temperature, T b . The { 13 { resultant ratios of the brightness temperatures were compared to the observed ratios of the integrated intensities of the lines. This was repeated until the best 2 t to the data was achieved at each continuum source. Errors of 30% in the integrated intensity ratios were assumed in determining the 2 match between the observations and the model.
CO Modeling
In order to account for beam dilution, the CO integrated intensities were convolved to 55 00 , the resolution of the CO J = 1 ! 0 observations, before the ratios of integrated intensity were taken. The parameter space explored was: T k (K) = 20-100 K at 10 K intervals and T k = 100-300 K at 50 K intervals; log n (cm 
where v obs is the observed FWHM of a Gaussian t to the CO J = 2 ! 1 line. Table 2 summarizes the results of the CO modeling. The average kinetic temperature, hydrogen volume and column densities at the continuum sources are: T k = 56 11 K, log n H 2 (cm ?3 ) = 3:5 0:3, and N H 2 (10 22 cm ?2 ) = 7 4, respectively (quoted errors are the standard deviation among the sources). The temperatures and column densities derived are typical of the warm molecular cores found near Galactic OB star forming regions (c.f.
Genzel 1991). The average volume density, though, is lower than the value n 10 5 ? 10 6 cm ?3 usually cited for these cores. This is because CO emission is sensitive to less dense gas { 14 { than the CS emission used to determine the`typical' value (Genzel 1991; Snell et al. 1984 ).
CS Modeling
As with the CO data, the CS data were convolved to 42 00 (the resolution of the CS J = 3 ! 2 observations) before the line ratios were computed. The observed parameters are summarized in Table 3 . The CS emission was also modeled, but no valid solutions were found. For example, at source A, 2 , the reduced 2 , was never above the 5% con dence level. The CO model solutions at source A, for comparison, had 2 con dence levels of 55 ? 85%. The model failed in a similar fashion at all of the continuum sources in NGC 6334. This suggests that the single-component model, while valid for the CO emission, does not adequately describe the CS emission. A two-component model, with a small, dense component embedded in an extended, di use component, might better describe the CS observations of NGC 6334. The failure of a single gas component model to t simultaneously the observed CS line ratios has also been seen in other star forming regions (e.g. Zhou et al. 1991) .
In fact, large-scale mapping of the entire NGC 6334 complex suggests that the CS J = 3 ! 2 emission and the CS J = 5 ! 4 and J = 7 ! 6 emission indeed trace distinct gas components (Fig. 7, 8, and 9) . The CS J = 5 ! 4 and J = 7 ! 6 emission appear only near the active star formation sites. Apparently these lines speci cally trace dense star forming cores in NGC 6334. On the other hand, the CS J = 3 ! 2 emission is more extended, similar to the CO J = 2 ! 1 morphology. Thus, the CS J = 3 ! 2 emission may be associated with more di use gas than the gas traced by CS J = 5 ! 4 and J = 7 ! 6 emission. This is not unexpected, as the critical density of CS J = 3 ! 2 is 13 times smaller than that for CS J = 7 ! 6. Unfortunately, a two-component model has more free parameters than we currently have observables. Further observations of CS isotopes or { 15 { additional CS transitions are needed to constrain properly a two-component model.
Kinematics
Channel Maps and the Velocity Field
In order to study the kinematics of the molecular gas in NGC 6334, channel maps of the 12 CO J = 2 ! 1 (Fig. 11 ) and CS J = 3 ! 2 (Fig. 12 ) emission were made. Figure 13 compares the CO J = 2 ! 1 integrated intensity with the velocity eld ( rst moment), from ?10 to +0 km s ?1 . The kinematic behavior of the CO J = 2 ! 1 and the CS J = 3 ! 2 lines is quite similar. The reddest emission occurs in the center of the molecular ridge, between sources C and D. The velocity decreases toward the ends of the ridge, becoming bluer toward source F in the northeast and source V in the southwest. This kinematic behavior is also observed in the photodissociated gas ( C II] Boreiko & Betz 1995), and in other dense gas tracers (e.g. HCO + Batchelor et al. 1984) . A CS J = 3 ! 2 position-velocity map (Fig. 14) , taken along the major axis of the ridge (P.A.=45 ), is suggestive of collapse or expansion, but shows no indication of large-scale rotation. The gas near individual sources, on the other hand, is undergoing localized motions, such as rotation (source A) or out ow (sources A, F, and V). These local motions of the molecular gas will be described fully in the discussion on each speci c source (x6).
Caution must be used in interpreting the rst moment map of the CO J = 2 ! 1 emission away from the main molecular ridge (Fig. 13) . The map indicates that the extended emission, away from the ridge, comes from gas at a much bluer velocity than the gas in the ridge. However, this is due to weak emission features at bluer velocities, such as v lsr ?25 km s ?1 and v lsr ?40 km s ?1 , which, away from the ridge, have intensities comparable to or greater than the main cloud component at v lsr ?4 km s ?1 (Fig. 15) .
Additional Emission Features
In addition to the main component of CO emission at v lsr ?4 km s ?1 , there are several emission features in the CO J = 2 ! 1 data which appear at much bluer velocities.
No emission features were found at positive (red) velocities, which is not surprising, since NGC 6334 is located in the fourth quadrant of the Galaxy. Fig. 16 ). Toward the sources with strong out ows, such as F and V, these low velocity features are often superposed on the line wings, which makes it di cult to determine the relative contributions of the wing and the feature. Away from the ridge, though, the features can dominate the emission and easily be distinguished (e.g. Fig. 15 ).
The ?85 and ?175 km s ?1 features, on the other hand, are present in only a few locations (Fig. 17) . Because these features are also present in the CO J = 1 ! 0 spectra (Fig. 18) , they are blue-shifted CO, not emission from an unknown species.
There is no correlation between the blue-shifted CO features and the continuum sources or the ridge emission. Low resolution surveys of H I 21-cm emission in the Galaxy show that there is gas at v lsr ?175 and ?40 km s ?1 in the general direction of NGC 6334 (28 0 resolution, 1 spacing, Burton, Gallagher, & McGrath 1977 ; 48 0 resolution, 25 0 spacing, Kerr et al. 1986) . Similarly, CO J = 1 ! 0 surveys (cf. Dame et al. 1987; Robinson et al. 1988) Bachiller & Cernicharo (1990) rst reported the CO J = 2 ! 1 emission feature at v lsr ?100 km s ?1 . They suggested it was an unknown molecule associated with source F.
There is an apparent maximum in the emission from this feature coincident with source F, which is known to have a rich spectrum with at least two other unidenti ed radio lines (Bachiller & Cernicharo 1990 ). However, a large-scale map of the emission around v lsr ?100 km s ?1 (Fig. 19) shows that the peak at source F is merely a local maximum, the strength of which may be enhanced by the high velocity molecular out ow which is also present. Figure 19 shows that the emission from this velocity feature increases toward the southeast, that is, toward the Galactic plane. This suggests that the feature is Galactic, rather than local. CO J = 1 ! 0 (Bania 1980 ) and H I 21-cm (Burton et al. 1977) l?v diagrams show that at l = 351 , the Galactic longitude of NGC 6334, the emission from thè 3-kpc arm' should be at v lsr ?100 km s ?1 . Therefore, the emission feature at v lsr ?100 km s ?1 is not from an unidenti ed molecule, nor even associated with NGC 6334. Rather, it is simply the CO emission from the`3-kpc arm.'
6. Individual Sources
NGC 6334 I(N)
The strongest millimeter continuum source, NGC 6334 I(N), lies at the northeastern end of the cloud, 2 0 north of source F. Although source I(N) is a bright millimeter and submillimeter continuum source (F 1 mm = 132 Jy, Cheung et al. 1978 ; F 400 m = 1400 Jy, Gezari 1982), it has no detected radio continuum emission (Rodr guez et al. 1982 ; this work) and little infrared continuum emission (Fig. 20; McBreen et al. 1979; Loughran et al. 1986) . From the 400 m and 1.0 mm data, Gezari (1982) determined that the dust temperature is only 20 K, but the gas mass is 10 3 M . The dust to the south at source F, on the other hand, has a temperature of over 30 K, and a gas mass of only 200 M (Gezari 1982) .
Bright molecular emission was observed near source I(N), especially from the dense gas tracers. The NH 3 (3,3) emission is extended, d 1 0 (0.5 pc) ( Fig. 21 ; see also Kuiper et al. 1995) . The NH 3 (3,3) emission from source F, on the other hand, comes from clumps 5 00 across. CS emission, which also traces dense gas, is similarly extended and bright near source I(N) (Fig. 22) . Unlike at the other sources in NGC 6334, the emission peaks of the 3 CS transitions do not coincide spatially. The CS J = 3 ! 2 emission peaks south of the 400 m continuum position, the CS J = 5 ! 4 emission peaks at the 1 mm continuum position, and the CS J = 7 ! 6 emission peaks to the north of the 1 mm continuum position (Fig.   23 ). Since the CS emission at source F, which is in the same eld, does not exhibit this behavior, it is not simply a pointing o set between the data sets. One explanation for this northward`motion' of the CS emission peaks is a density gradient, with the densest gas in the north near the peak NH 3 (3,3) emission.
An H 2 O maser is also associated with source I(N) (Moran & Rodr guez 1980) , approximately 2 m (24 00 ) east of the 1 mm position, but no OH maser emission has been detected. Forster & Caswell (1989) suggested that maser activity is placed in an evolutionary sequence: isolated H 2 O masers form rst, near a massive protostellar core, and only later do OH masers appear. With this in mind, the isolated H 2 O maser combined with the massive clump of cold dust and dense molecular gas and a lack of radio emission supports the suggestion that NGC 6334 I(N) may be a protostellar cloud core in a very early stage of massive star formation (Gezari 1982). 6.2. NGC 6334 V NGC 6334 V lies at the southwestern end of the ridge of massive star formation. It shows many of the signposts of recent star formation activity, including H 2 O and OH masers (Moran & Rodr guez 1980; Raimond & Eliasson 1969) , a molecular out ow (Fischer et al. 1982; Fischer et al. 1985; Plume, Ja e, & Evans, 1992; Kraemer & Jackson 1995) , and strong FIR emission (L bol 10 5 L , Harvey & Gatley 1983; Loughran et al. 1986 ; e.g. Fig. 20) . Near-and mid-IR observations suggest that source V contains several compact ( 5 00 ) dust condensations within a small region, < 30 < 15 00 (Harvey & Gatley 1983; Harvey & Wilking 1984; Simon et al. 1985; Kraemer et al. 1999) , elongated east-west. Despite the molecular and IR features suggesting active star formation, source V has only faint radio emission F 2 cm 10 mJy (Rengarajan & Ho 1996; . The faint radio emission arises from 3-4 unresolved sources (< 1:06 0:5 00 Rengarajan & Ho 1996; ) which roughly coincide with the IR sources. Although beyond the scope of this paper, one of the intriguing features of source V is the discrepancy between the spectral types suggested by the IR luminosity (O8) and that suggested by the radio observations (B2). Possible explanations for this discrepancy are explored more fully in .
Observations of C + and O 0 showed there is little photodissociated gas near source V Kraemer et al. 1994; Boreiko & Betz 1995) . This result is consistent with the little far UV radiation expected from a B2 star as compared to the other, earlier, spectral types found in NGC 6334 which do show signi cant emission from photodissociated gas. The molecular emission, on the other hand, is nearly as bright at source V as at the cloud peak (source F) (Fig. 24) . Most of the molecular gas tracers show an unresolved core surrounded by fainter, extended emission. The molecular out ow, rst observed by Fischer et al. (1982) in CO J = 1 ! 0, is also seen in CO J = 2 ! 1 and { 20 { J = 3 ! 2 (Fig. 25) . The red and blue lobes are barely separated (Kraemer & Jackson 1995) , which indicates the out ow is mostly parallel to the line of sight. The lobes have an orientation roughly northwest-southeast, in agreement with the elongation of the blue wing found by Fischer et al. (1985) . However, Nakagawa et al. (1990) have suggested that the out ow has created the \infrared bipolar nebula," and thus must lie in the plane of the sky, approximately east-west. The east-west out ow scenario is supported in part by observations of 2.12 m H 2 emission. The H 2 emission is displaced 30 00 to the east of the continuum positions (Fischer et al. 1982; Fischer et al. 1985; Straw & Hyland 1989b) . If the H 2 were shock-excited by an out ow along the line of sight, the H 2 emission peak should coincide with the continuum sources. On the other hand, in 4 of the 5 high-velocity out ow sources imaged in CO by Fischer et al. (1985) , the H 2 emission was signi cantly o set from the out ow axis. Further, recent mid-infrared ) and radio (Rengarajan & Ho 1996; ) observations revealed several compact radio and mid-infrared continuum sources roughly arranged along an east-west line. These sources may be responsible for the apparent bipolarity of the nebula. High spatial resolution observations of the molecular gas are needed in order to determine the correct orientation of the out ow in NGC 6334 V.
In addition to the bright CO and CS emission observed toward source V, two NH 3 (3,3) features were also found (Kraemer & Jackson 1995) . The eastern, thermal feature is extended (7:3 4:6 00 ), less bright (T b = 71 K), and coincides with the 20 m position to within the positional uncertainties (Harvey & Gatley 1983; Harvey & Wilking 1984) . This feature displays a broad line width (v fwhm = 6:0 1:0 km s ?1 ) and is optically thick ( main 20). In contrast, the western feature is brighter (T b = 114 K), o set from the continuum position by 30 00 (0.25 pc), is spectrally unresolved (2.4 km s ?1 resolution), and shows no hyper ne emission (i.e. it is optically thin). The feature lies at the edge of the blue lobe of the CO out ow. This bright, narrow, unresolved NH 3 (3,3) emission feature has { 21 { been identi ed as a shock-excited NH 3 (3,3) maser (Kraemer & Jackson 1995) . NH 3 (3,3) masers have also been found in DR 21(OH) (Mangum & Wootten 1994) , in W51 (Zhang & Ho 1995) , and in NGC 6334 F.
NGC 6334 F
NGC 6334 F is a cometary H II region (Rodr guez et al. 1982 ) and strong IR continuum source (c.f. McBreen et al. 1979 ) at the northeast end of the star forming ridge, 2 0 south of source I(N). It contains H 2 O, OH, and CH 3 OH masers (Forster & Caswell 1989; Moran & Rodr guez 1980; Batrla et al. 1987; Menten & Batrla 1989) , and a young, high-velocity molecular out ow (2300 yrs; Bachiller & Cernicharo 1990) . Its spectrum contains a plethora of molecular lines: Bachiller & Cernicharo identi ed more than a dozen lines, and suggest that source F is comparable to Orion IRC2 and Sgr B2 in the richness of its spectrum.
Source F is the brightest source in the cloud in many molecular transitions, including each of those mapped here (Fig. 22) . Four sources of NH 3 (3,3) emission were found toward source F (Kraemer & Jackson 1995) . As in source V, the thermal source coincides with the continuum source, is extended ( 6 00 :2 4 00 :1), has a broad line width (v fwhm = 6:2 0:9 km s ?1 ), is optically thick ( main 22), and is moderately bright (T b 67 K). The other three features appear to be masing. They are unresolved in the 3.4 00 2.5 00 beam, are signi cantly o set from the continuum source ( 30 00 = 0:25 pc), have very narrow line widths (v fwhm < 3:7 km s ?1 ), have no hyper ne components down to < 8% of the intensity of the main component, and are very bright. The beam-diluted brightness temperatures of the non-thermal features range from 60 to 120 K. Because they are unresolved, these are minimum brightness temperatures. If these sources are thermally excited, after correction for optical depth and beam lling, the minimum excitation temperatures range from T ex > 125 to 340 K. Such high excitation temperatures are extremely unlikely, especially since the features are located 0.25 pc in projection from the central exciting source. The simplest explanation for the discrepancy between the properties of NH 3 clump C and those of NE, SE, and SW is that the gas at NE, SE, and SW is masing (Kraemer & Jackson 1995). 6.4. NGC 6334 C NGC 6334 C is an extended ( 40 00 ), nonspherical radio source which lies at the center of the ridge of star formation. It is the strongest 12 and 25 m IRAS source in the cloud, although at longer wavelengths it is less prominent (Fig. 20) . The NIR emission (Persi & Ferrari-Toniolo 1982; Straw et al. 1989 ) is roughly the same size and shape as the radio emission, with the addition of two compact IR sources 20 00 to the north and to the southwest. Straw et al. (1989) identify the northern point source as the excitation source for the radio and IR continuum emission as well as for the optical nebulosity in the region. They deredden this source to a K-band magnitude corresponding to an O7 star, which agrees reasonably well with the O8 spectral type derived from the radio data (Rodr guez et al. 1982) . Unlike the sources with later spectral types already discussed, source C has no maser emission in any species nor any out ow activity. The molecular gas emission near source C is o set from the radio continuum position (Fig. 26) , generally to the east or southeast. The mass of the gas to the east is M H 2 500 M (calculated using a CO-to-H 2 conversion factor of N(H 2 )=I 1!0 (CO) = 2.2 10 20 cm ?2 (K km s ?1 ) ?1 (Combes 1991) , applying it to the mean CO (2!1) integrated intensity averaged over an area of 65 90 00 ). The molecular gas emission extends from source C to the northeast toward source D. Besides being o set from the continuum sources, the most distinctive features of the molecular emission in this region are the narrow line widths and the v lsr at which the lines occur. Whereas the CO J = 2 ! 1 line widths are { 23 { v fwhm 10?15 km s ?1 in the rest of the cloud, those at source C are v fwhm 7 km s ?1 . This suggests that there is less turbulence in the molecular gas toward source C. The lines, from both molecular (e.g. this work; Batchelor et al. 1984 ) and photodissociated (Boreiko & Betz 1995) gas tracers, are all at least 3 km s ?1 redder near (and to the northeast of) source C than the main emission component in the rest of the cloud (e.g. Figs. 14 or 13). As mentioned in Sec. 5, the`C' shape in the CS J = 3 ! 2 postion-velocity map is suggestive of large-scale collapse or expansion centered on source C.
NGC 6334 E
NGC 6334 E is the northernmost H II region in NGC 6334, located approximately 1 0 northwest of source F. Other than the extended (20 00 , Rodr guez et al. 1982) H II region, there is little star formation activity in the region. No masers or out ows are associated with source E. It is not a strong FIR source, although a`spur' of emission extends from source F in the direction of source E at 71 and 134 m (Loughran et al. 1986) . No 12 or 25 m emission was detected by IRAS (Fig. 20) . Only recently has any K-band emission been detected from the region around source E (Tapia, Persi, & Roth 1996) . Tapia et al. detected faint K-band nebulosity, and about a dozen faint K-band sources which were not detected in J-or H-band. They suggest that instead of a single O7.5 ZAMS star ionizing the H II region, the K-band sources are a cluster of B0-B0.5 stars which collectively ionize source E. However, they do not suggest an explanation for the lack of substantial dust emission from source E despite the presence of dense gas emission (CO J = 3 ! 2, CS J = 5 ! 4, and CS J = 7 ! 6; see Fig. 22 ).
If source E is illuminated by a single star, it has the same ZAMS spectral type as source A: O7.5 (Rodr guez et al. 1982) . If they are emitting the same ux of ionizing radiation into gas of the same density, both should come into equilibrium at the same size. However, { 24 { source E (r 0:08 pc) is roughly twice as large as source A (r 0:04 pc). If both sources have reached their Str omgren radii, the implied densities are log n(source E) 4:1 cm ?3 and log n(source A) 4:6 cm ?3 . The CS emission, which traces gas densities of log n > 5 ? 7 cm ?3 , is seen at both sources, but the emission at source A is brighter (Table 3 ). This would suggest that the size di erence could be merely a density e ect.
For log n 5 cm ?3 , as suggested by the presence of CS emission, the H II region for an O7.5 ZAMS star should be r 0:02 pc, smaller than either source. This could imply the H II regions are at the phase in which the H II region expansion is pressure-driven at a velocity of about the sound speed. Because the velocity in this phase is approximately constant (Dyson & Williams 1997) , a larger H II region implies a greater age for the same density gas. Thus, the di erence between the sizes of sources E and A could be either a density or an age e ect. To distinguish between the two possibilities, better estimates of the gas densities at the H II regions are necessary. The discovery of source E, a purportedly older, evolved source at the end of the star forming ridge, caused the scenario of sequential star formation in NGC 6334 to be rejected (Persi & Ferrari-Toniolo 1982) . If the size di erence is a density e ect instead of a sign of age, the sequential star formation scenario should be re-examined.
NGC 6334 A
The properties of NGC 6334 A have been discussed thoroughly in a previous paper (Kraemer et al. 1997) and are therefore only summarized here. The molecular emission shows a distinct attened structure in the E-W direction. This structure is probably a thick molecular disk or torus (2.2 0.9 pc) responsible for the bipolarity of the near-infrared (Harvey, Hyland, & Straw 1987) and radio (Rodr guez, Cant o, & Moran 1988 ) continuum emission which extends in two`lobes' to the north and south of the shell-like H II region. The molecular disk is rotating from west to east (! 2:4 km s ?1 pc ?1 ) about an axis approximately parallel to the radio and NIR emission lobes. By assuming virial equilibrium, the molecular disk is found to contain 2000 M . Single-component gas excitation model calculations show that the molecular gas in the disk is warmer and denser (T k 60 K; n 3; 000 cm ?3 ) than the gas to the north and south (T k 50 K; n 400 cm ?3 ).
High resolution ( 5 00 ) NH 3 (3,3) images of source A reveal several small ( 0:1 pc) clumps, one of which lies southwest of the radio continuum shell, and is spatially coincident with a NIR source, IRS 20 (Harvey et al. 1987) . A second NH 3 clump is coincident with an H 2 O maser and the center of a molecular out ow. The dense gas tracers, CS J = 5 !4 and 7!6, peak near IRS 20 and the H 2 O maser, not at source A. IRS 20 has a substantial FIR luminosity L FIR 10 5 L , which indicates the presence of an O7.5 star, but has little radio continuum (F 2 cm = 8:5 mJy, . The combination of dense gas, a large FIR luminosity and little radio continuum can best be explained if IRS 20 is either a protostar or a massive young star undergoing mass-loss (see . A third clump of NH 3 emission lies to the west of IRS 20, but is not associated with any other molecular or continuum features. The star formation activity in the region has moved west of source A, to IRS 20 and the H 2 O maser position. We suggest that source A, IRS 20, and the H 2 O maser spot are part of a`protocluster' of stars which is condensing from the massive molecular disk. The similarity between the structure around source A and other large (r 1 pc), massive (M 10 3 M ), rotating disks (K3-50A, Vogel & Welch 1983; G10.6-0.4, e.g. Verdes-Montenegro et al. 1991) suggests that this may be a common mechanism by which open clusters form. 6.7. NGC 6334 D NGC 6334 D was rst observed by Schraml & Mezger (1969) , and resolved into an extended ( 40 00 ) , amorphous, H II region by Rodr guez et al. (1982) . Source D, which has the earliest ZAMS spectral type in the cloud, coincides with a strong FIR peak (e.g. McBreen et al. 1979; Loughran et al. 1986 ) and an H 2 O maser (Moran & Rodr guez 1980) . The NIR nebulosity near source D, as at source C, is similar in size and shape to the radio emission (Straw et al. 1989) . Straw et al. (1989) identify a K-band point source, which has a dereddened K magnitude of a ZAMS O6 star, as the ionizing source for this region.
The identi cation of the ionizing star for source D is consistent with the molecular line observations (Fig. 26) . Source D is located at the edge of a hole in the molecular gas emission. The CO excitation models (Sec. 4.2) indicate that the column density of molecular hydrogen towards source D is lower than toward any other source in the cloud. Extinction estimates from NIR star counts (Straw & Hyland 1989a ) also suggest that the extinction towards source D is less than toward other sources. It is therefore not surprising that source D is the only one to have an unambiguously identi ed ionizing source.
Conclusions
NGC 6334 was mapped in several transitions of CO, CS, and NH 3 . The molecular emission shows a complex structure of laments and bubbles. There is a strong anticorrelation between the CO distribution and the H emission. This suggests that the CO bubbles are lled with ionized or neutral gas. As in other clouds, the massive star formation is con ned to the molecular laments.
An anticorrelation was found between the dense gas and the 6 cm radio ux. The integrated intensity of the CS J = 7 ! 6 line is inversely proportional to the 6 cm ux.
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The presence of NH 3 (3,3) emission is also anticorrelated with the radio emission. The sources with the earlier spectral types have destroyed or swept away the remnants of the dense molecular gas from which they formed. The sources with bright, extended dense gas emission, on the other hand, do not have hard enough radiation to destroy the dense molecular gas, or may not have had time to disperse it yet.
Single-component model calculations of non-LTE excitation were performed to determine the physical conditions of the molecular gas around the massive young stars in NGC 6334. From the CO modeling, the temperatures and column densities are typical of those found in the warm molecular cores of other Galactic sites of massive star formation. The CO models suggest lower volume densities than typical because CO is less sensitive to dense gas than CS, which is normally used to nd the gas density. The single-component models failed to nd valid solutions for the CS data, probably because a single-component model is inadequate to describe the observations. Further observations of CS isotopes or additional CS transitions are necessary to properly constrain a two-component model.
The velocity elds of the CO J = 2 ! 1 and CS J = 3 ! 2 emission were examined for kinematic information. The gas contains a velocity gradient which peaks at the center of the ridge of molecular gas, between sources C and D, where the velocity is reddest, v lsr 0 km s ?1 . To the northeast and southwest, the gas velocity decreases smoothly, to v lsr ?6 km s ?1 . The apparent blueshift of the gas in the bubbles is due to the rise of additional emission features not associated with NGC 6334. One of these features, at v lsr ?100 km s ?1 , has been identi ed as emission from the`3-kpc arm' of the Galaxy.
The sites in NGC 6334 represent a broad sample of di erent stages of massive star formation all in the same cloud, from the cold, dense core at source I(N) to the di use, extended H II region at source C. All the main phenomena associated with massive star formation are present in at least one, often several of the star forming cores in NGC 6334.
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We suggest that NGC 6334 is representative of massive star forming clouds in the Galaxy. This implies that the conclusions drawn here and in other papers on this cloud, for both the molecular and photodissociated gas, should be relevant and applicable to other massive star forming regions.
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A. Nomenclature
Because all sources in NGC 6334 do not emit in all wavebands, there have arisen several sets of source names, two of which are most commonly used. The Roman numerals designate the FIR continuum sources . These begin with source NGC 6334:MFSW I in the northeast and increase with decreasing declination; these names are often abbreviated as NGC 6334 I or NGC 6334I. The alphabetical designations correspond to the 6 cm radio sources of Rodr guez et al. (1982) . These begin in the southwest with NGC 6334:RCM A (=FIR source MFSW IV), and increase with increasing right ascension; these are often abbreviated as NGC 6334 A or NGC 6334A. (Radio continuum source B is an extragalactic source unrelated to NGC 6334 (Rodr guez et al. 1982; Moran et al. 1990 ).) Not all radio sources have corresponding FIR sources, and vice versa (e.g. radio continuum source E has no FIR continuum counterpart, and FIR source V has no counterpart among the RCM radio sources). Figure 2 shows the positions and names for the primary radio and FIR continuum sources.
Additionally, there is the bright 1 mm continuum source I(N), 2 00 north of source I, which was discovered by Cheung et al. (1978) , but named by Gezari (1982) . There is also an extended radio source between sources A and V, G351.20+0.70, discovered by Moran et al. (1990) , which corresponds to an IRAS 12 m source . Several H 2 O masers in the region have also been given alphabetical designations A-E Moran & Rodr guez 1980) which are associated with the continuum sources, but there is no simple correspondence between the maser names and the continuum source names. Cheung et al. (1978) designated four 1 mm continuum sources I-IV. An attempt to summarize the positions and correspondence between the various source designations is made in Tables 4 and 5 . The sources are also indicated in Figure 2 . For a discussion on the nomenclature regarding substructure in some of the continuum sources, see Kraemer et al. { 30 { (1999) .
In general, this paper uses the alphabetical radio designations of Rodr guez et al. (1982) . They are referred to as NGC 6334 A, for example, or simply as source A. The three other sources in the cloud which are discussed are NGC 6334 I(N), V, and G351.2+0.7. In the y direction, error bars are 5 K km s ?1 . In the x direction, uncertainties are < 1 mJy, except source V where the error is < 0:4 mJy; in both cases, the uncertainties in the radio ux are much less than the size of the marker. (Loughran et al. 1982) . The cross to the northwest is radio source E (Rodr guez et al. 1982) ; the solid diamond to the north is source I(N) (Gezari 1982 Figure 2 . (Gezari 1982) and 400 m ) peaks, respectively. The triangle shows the position of the H 2 O maser (Moran & Rodr guez 1980) . As in the other gures, the crosses at the right and at the bottom (at the CS emission peak) mark the positions of sources E and F, respectively. The contours are in 10% intervals of the peak NH 3 integrated intensity. The noise on the CO temperatures was: CO J = 1 ! 0 0:2 K; J = 2 ! 1 1 ? 2 K; J = 3 ! 2 2 ? 5 K; 13 CO J = 2 ! 1 2 ? 3 K. The calibration uncertainty is 30%, and thus dominate the uncertainties in the data. The calibration uncertainty is 30%, and thus dominate the uncertainties in the data.
b Integrated intensities were convolved to 42 00 (CS J = 3 ! 2 resolution) before ratios were taken.
c v fwhm from Gaussian ts to the CS J = 3 ! 2 spectra. (1982) has since been determined by Moran et al. (1990) to be an extragalactic source unrelated to the star forming region.
b The CO`spot' B of Dickel et al. (1977) is located approximately midway between radio sources C and D.
c The 1 mm continuum source III of Cheung et al. (1978) occurs roughly 80 00 south of radio source D.
